The 'twin family" design is a new strategy for studying quantitative characters in man which overcomes most limitations of earlier designs and which is readily accessible to existing twin research units as it uses only adult twins (both identical and non-identical) and their spouses and offspring and juvenile twins (both identical and non-identical) and their parents. The design yields all information inherent in ordinary twin studies but also permits the simultaneous estimation of more components than any other design. Tests for most genetical and environmental components of variation and the assumptions of the design are provided. Particular advantages are the unambiguous separation of sex-linkage and maternal inheritance, the analysis of the mechanism of assortative mating and the specification of more realistic environmental models. Although several components are confounded the biases are not seriously misleading. However, it would be necessary to include adoption data to resolve the effects of cultural transmission which are otherwise confounded with the family environment.
INTRODUCTION
THIS paper describes the "twin family"design, an extension of the monozygotic twin (MZ) half-sib design of Nance and Corey (1976) which overcomes most shortcomings of the original design. Recent work by Haley, Jinks and Last (1981) has demonstrated how the MZ half-sib design may be used to distinguish sex-linkage and maternal effects in man. The MZ half-sib design involves a study of MZ twins and their spouses and offspring.
Independent tests for the detection of sex-linkage and maternal effects are possible using only data from the progeny of the MZ twins when the sexes are considered separately. However, joint estimation of the parameters used to specify sex-linkage and maternal effects and those specifying autosomal genetic and environmental effects requires the use of data from the parental generation (the MZ twins) and parent-offspring relationships. The use of this additional data for the purpose of estimation is only possible if the stability of genetic and environmental effects across generations is assumed. Furthermore, even after making this assumption, some of the parameters specifying maternal effects remain confounded and with some environmental models, parameters specifying autosomal genetic, environmental and maternal effects are confounded (Haley et al., 1981) .
In the "twin family" design, the MZ half-sib design of Nance and Corey (1976) is extended to include adult dizygotic (DZ) twins and their spouses and offspring and juvenile MZ and DZ twins and their parents. This design permits the simultaneous estimation of all parameters specifying sex-linkage 221 and maternal effects and provides a sound basis for the estimation of parameters specifying autosomal genetic and environmental effects utilising data from the juveniles alone. Additionally the full data set provides tests for intergenerational stability of parameters, the representativeness of twins, genotype-environment interactions, genotype-environment covariation, assortative mating, epistasis and sex-limited effects.
THE PROPOSED DESIGN
The proposed design comprises adult identical (MZ) twins (male and female pairs), their spouses and offspring, adult non-identical (DZ) twins (male, female and opposite sexed pairs), their spouses and offspring and juvenile twins (male and female MZ and DZ pairs and DZ opposite sexed pairs) and their parents.
An hierarchical analysis of variance of data from the progeny of the adult twins which allows for varying numbers of progeny per family will yield three mean squares:
MSw: Between progeny within full-sib families. MSB: Between the two families of full sibs produced by a pair of twins (these families are genetically related as half-sibs if the parents are MZ twins or as first cousins if the parents are DZ twins).
MSA: Among families of half-sibs (produced by MZ twins) or cousins (produced by DZ twins).
The three components of variance corresponding to these mean squares are genetically equivalent to, in the case of MZ twin progeny: o: within family variance o: full-sib covariance minus the half-sib covariance o-: half-sib covariance and in the case of DZ twin progeny: cr: within family variance a: full-sib covariance minus the first cousin covariance o-: first cousin covariance.
The analysis of the data from the twins, both adult and juvenile, is performed by the usual alysis of variance (e.g., Jinks and Fulker, 1971 ). Further information is provided by the covariances between husbands and wives, an adult twin and their co-twins spouse, the two spouses of a pair of twins, parents and offspring and uncles or aunts and nieces or nephews. The design thus provides a wealth of data on numerous relationships although many of the statistics will be correlated for sampling reasons and because any one individual may contribute to several relationships. In the following discussions it will be assumed that the data are to be analysed using a least squares model fitting approach, making due allowance for the correlations between statistics (Nelder, 1960; Mather and Jinks, 1971; Nance and Corey, 1976) . However, the expectations to be given will be equally applicable if some other method of analysis such as maximum likelihood unbalanced pedigree analysis (Lange, Westlake and Spence, 1976; Eaves, Last, Young and Martin, 1978) is utilised.
THE BASIC MODEL
The basic model is written in terms of the additive and dominance components of autosomal genetic variation, DR and HR respectively Mather and Jinks, 1971) , and additive environmental components of variance. The expectations of all variances and covariances required to construct the expectations of the statistics derived from the analysis are shown in table 1. The basic model makes the simplifying assumption that the overall value of the environmental and genetic components remain constant across generations.
The environmental model is novel in that it allows a fraction of the environmental covariation between individuals to be fixed, for example in childhood, and a fraction to be malleable and responsive to the short term environment. Thus the fixed fraction of environmental covariation may be due to the long term influence of the family environment on the development of a character in the child. At the other extreme the malleable fraction of environmental covariation may simply be an artef act of testing an entire family on the same day. The components representing the malleable part of the environment are marked with an asterisk in table 1. The environmental contribution to variation within families may be made up of fixed and malleable fractions but they are inevitably confounded. The model allows for differing environmental contributions to the covariances between individuals within full-sib families, within half-sib families and within families of cousins. Considering only adult MZ twins and their spouses and offspring the model is equivalent to that of Nance and Corey (1976) if only E, E and E*c are included and to that of Haley et a!. (1981) if only E, EH and E are included.
All nine parameters in the basic model (i.e., DR, HR, E, E, EH, E, E, E and E.) can be estimated simultaneously if all statistics are used. However the model contains many assumptions such as the stability of parameters across generations, the representativeness of twins and the absence of genotype and environmental interactions and covariation. Tne large body of data provides tests for many ol the implicit assumptions in the basic model, the only major exception being the absence of a test for cultural transmission which cannot be detected in any design which does not include adopted individuals. Furthermore, with the failure of the basic model in many cases it is possible to extend the model and provide estimates of the additional parameters.
As always with model fitting it is prudent to follow the principle of
Occam's razor and consider initially the simplest models. If simple models fail to provide an adequate explanation of the data then extensions may be explored both by simple scaling tests and model fitting. This process continues until the simplest feasible model which adequately explains the data is arrived at. We strongly advise against the approach of attempting to estimate all possible parameters at the same time unless simpler models have proved inadequate.
EXAMINING THE ASSUMPTIONS OF THE BASIC MODEL
There are two reasons for examining and possibly extending and amending the basic model. Firstly it is always wise to explore alternatives and . .
• .
• extensions to a basic model in order to examine the biases introduced into an analysis by the use of inappropriate models. Secondly, they will be required should preliminary investigations reveal the inadequacy of the basic model in practice.
(i) Intergenerational stability A likely cause of the failure of the basic model will be differences in the parameters across generations. This may arise not only because of real biological or environmental changes with age or generation but also because of the use of different scales of measurement in the two generations, a common occurrence with psychological variables. There are no expectations for the form or direction of age or generation effects and their detection will rest upon the failure of the basic model, unless there are gross differences in the phenotypic distributions between generations as revealed by differences in, for example, variances or skewness. Young, Eaves and Eysenck (1980) have demonstrated one approach to the investigation of intergenerational instability and have shown marked differences in gene action between adults and juveniles for three of the four scales of the Eysenck Personality Questionnaire (Eysenck and Eysenck, 1975) . The twin family design contains all the statistics used by Young et a!, (1980) and more, and thus provides a sound basis for the study of intergenerational stability in the way they described by specifying different parameters for the parental generation, the juvenile generation and intergenerational relationships. Although in theory the consistency of any model over generations may be tested using the method of Young et al. (1980) , in practice intergenerational instability limits the complexity of models which may be examined, as it greatly increases the ratio of parameters to unique statistics. Therefore, the basic model and its extensions should be examined with the knowledge that data from only a single generation may be available for their resolution. In such circumstances the juvenile generation is the obvious choice as it contains information from the greater number of genetic relationships. We will therefore consider the resolution of the basic model, and later its extensions, using only data from the juveniles.
Utilising only data from the juveniles simplifies the basic model because the fixed and malleable components of environmental variation are no longer separable (e.g., E is confounded with Er). Nevertheless the remaining six parameters are not independently estimable from the juvenile data alone for there are only four independent equations for the estimation of the five parameters DR, HR, (E5+E), (EH+Ef) and (Ec+E). As a further simplifying assumption dominance could be omitted from the model, in this case the estimates of the remaining parameters become:
Thus, in the presence of dominance, the underestimation of the environmental components is very small and will not lead to a serious overestimate of the magnitude of genetic variation. If any of the environmental estimates are zero or negative they may be omitted and an alternative model including dominance explored. When all of (E5 +E), (EH +E) and (E +E) are significantly positive, it may be possible to detect dominance by tests independent of model fitting procedures ). An alternative simplification of the basic model is to assume that the environmental contribution to the covariance between half-sibs is the same as that to the covariance between cousins (i.e., (EH +E) = 0), the parameter estimates then become
Thus unless (EH +E,) is very small it will result in negative estimates of HR and the model will be rejected. Therefore neither assuming HR = 0 nor assuming (EH + E) = 0 will seriously mislead us if our assumption is erroneous.
(ii) The twin environment Critics of the twin method have often argued that the covariance between MZ twins is enhanced compared to that between DZ twins by the greater similarity of their environment. This model can simply be accommodated by the inclusion of a parameter EMZ in the expectations for covariances between MZ twins and in the expectations for the within family variance of all other types of family as shown in 
As all parameter estimates where confounded are inflated by the genetical effects, any non-significant parameters may be omitted thus allowing estimation of DR or DR and HR. In the absence of (EH + E) we have
The model outlined above can be extended to allow for the possibility that DZ twins share a more similar environment than ordinary full-sibs. This is accomplished by the inclusion of the term EDZ in the expectations shown in table 1, EDZ can be estimated independently of all other parameters from the progeny data alone.
All DZ twins have separate chorions (i.e., are dichorionic) but whereas some MZ twins have separate chorions, the majority of pairs share a single chorion (i.e., are monochorionic). Monochorionic MZ twins are less variable than dichorionic MZ twins for some traits, for example cord blood cholesterol level and fingertip dermatoglyphics (Reed et al., 1978) . In this case the model can be extended by the inclusion of the parameter ECH which contributes to the expectations for all within family variances except monochorionic MZ twins. In the absence of the obstetrical data required to diagnose monochorionic and dichorionic twins, differences in the total variance of MZ twins and other inviduals may indicate a chorionic effect. This may be accommodated in the model by the inclusion of ECH, which is independently estimable with data from either generation, in the expectations for all within family variances except that for MZ twins as shown in table 1.
(iii) Genotype-environment interaction (G x E) Eaves et al. (1977) have demonstrated that the power of the test for the detection of G x E from model fitting is low. Further, the possibility of the resolution of G x E via a model fitting approach will depend upon the comp'exity of the other parameters in the model. However, Jinks and Fulker (1971) and Eaves et a!. (1977) have shown how systematic G XE may be detected by the regression of the intra-pair differences of MZ twins on their mean. Furthermore Martin (1977) demonstrates that this is a powerful test. A less powerful approach suggested by Eaves et at. (1977) is the investigation of the distributional skewness of the data. However, skewness is produced by all forms of genetical non-additivity and by unequal gene frequencies in the presence of only additive genetic variation. Once G XE has been detected the usual approach is to remove it by rescaling the data, simple transformations being often all that is necessary. However, if it is desirable to retain the original scale or rescaling the data does not remove the G x E, then it is possible to incorporate G x E in the model, although its effects are likely to be confounded with other parameters except in the simplest of models. This is especially so in the absence of adoption data. Nevertheless, Eaves et al. (1977) suggest that the biases introduced by undetected G XE are unlikely to be major.
(iv) Genotype-environment covariation (Coy GE) Three mechanisms leading to covariance between genotype and environment have been recognised. These are individuals choosing their own environment, sibling interactions and cultural transmission.
When individuals choose their own environment and the choice is partly determined by their genotype such that the genotypic variation is inflated or deflated, then covariation is established between genotype and environment. This effect is inevitably completely confounded with direct genotypic effects. Indeed, as it can be regarded as an extension of the genotype, it may be considered that it does not introduce any serious bias into any inferences drawn from the analysis (Jinks and Fulker, 1971) . Jinks and Fulker (1971) have shown how the genotype-environment covariance produced by sibling competition may be included in the analysis of twin data. Eaves (1976a) has produced a general model for interaction between siblings (sibling effects) and shows that sibling competition leads to a reduction of the total variance of MZ twins compared with DZ twins and ordinary siblings whereas sibling co-operation will have the opposite effect. Note that sibling competition could be mistaken for a chorionic effect as it reduces the variance of MZ twins relative to other types of siblings. However, the twin family design provides a means of distinguishing between sibling effects and a chorionic effect through a comparison of the variances of families of different size. Sibling effects cannot contribute to the variance of singletons and so in presence of sibling competition we can predict the hierarchy of total variances: singletons> DZ twins> MZ twins and in the case of sibling co-operation we expect the hierarchy MZ twins >DZ twins>singletons. If these comparisons detect sibling effects, it would be possible to include them in the model. However, the model of Eaves (1976a) would need to be extended to families of size greater than two.
The third mechanism that has been recognised by which genotypeenvironment covariation may be generated is cultural transmission as defined by Cavalli-Sforza and Feldman (1973) and Eaves (1976b) . The best test for cultural transmission is a comparison of the total variances of adopted individuals and individuals reared by their natural parents . Although there is no specific test for cultural transmission in the twin family design, its effects as defined by Eaves (1976b) are confounded with the environmental components (E + Er), (EK + E) and (E + E), and do not inflate DR, as estimated from the juvenile data. With the complete data set, cultural transmission may result in the failure of the basic model. If it does not, it is likely to remain largely confounded with the parameters specifying the effects of the common environment arid not seriously bias our estimates of direct genetic effects.
(v) Assortative mating Twins and their spouses provide a good basis for the detection of assortative mating and the analysis of its foundation Eaves, 1979) . It is possible to distinguish marital correlations caused by assortative mating from those due to the effects of the common environment shared by spouses by a comparison of the correlation between a twin (either MZ or DZ) and their co-twins' spouse and the correlation between the two spouses of the twins. Under the model of Eaves (1979) , these two correlations are expected to be the same if due to the effects of the common environment but differ if due to assortative mating. With the detection of assortative mating a comparison of the correlation between the spouses of MZ twins with that between the spouses of DZ twins may reveal any genetic basis for assortation. Additionally, Eaves (1979) demonstrates that, if assortation is based solely on the basis of the measured phenotype, then the correlation between a twin and their co-twins spouse is expected to be the product of the twin correlation and the marital correlation, and the correlation between the two spouses of twins is expected to be the product of the twin correlation and the marital correlation squared. When assortation is based upon the measured phenotype, the basic model may be amended by the inclusion of the appropriate expectations (Fisher, 1918; Eaves, 1975) .
When assortative mating is asymmetric (i.e., females choose different qualities in males than males choose in females), Eaves (1979) demonstrates that the expected pattern of correlations between the spouses of twins differs depending upon the sex of the twins. Additionally this model predicts that in like sexed twins there will be no correlations between twins and their co-twins' spouses or between husbands and wives. However, continued assortation will generate gametic disequilibrium between genes controlling the two characters and may produce significant values for these correlations (Eaves and Heath, 1981) . Asymmetric assortative mating may produce maternal half-sib covariances greater than paternal half-sib covariances thus mimicking maternal effects (Nance, 1979; Eaves and Heath, 1981) , although it does not produce maternal parent-offspring covariances larger than paternal parent-offspring covariances. This last fact and a comparison of the correlations between the spouses of twins allows the detection of asymmetric assortative mating and its separation from maternal effects.
(vi) Epistasis
The expected contribution of epistasis between pairs of loci to the statistics derived from the twin family design are shown in table 2 in terms of 'R, JR and LR (Mather, 1974) . IR represents the effect of interactions between pairs of homozygous loci, JR represents the effect of interactions between pairs of loci, one heterozygous and one homozygous and LR represents the effect of interactions between pairs of heterozygous loci. These three components cannot be estimated with the data from a single generation. With the progeny data alone undetected epistasis mainly biases estimates of HR and thus any parameters with which HR is confounded.
The complete data set enables the estimation of DR, E, E, EH, E, E, E, E and 'R simultaneously, however, only two of HR, JR and LR can be estimated. Estimates of 'it, JR and LR will have large sampling variances in most typical studies and are unlikely to be significant. If they remain undetected, they inflate the estimate of HR which can, therefore, be considered as an estimate of general non-additive genetic variation.
(vii) Sex-limited autosomal variation
If the data are divided into male and female sets, separate models with male and female specific components can be applied to the two sexes. Furthermore, we can follow the example of Eaves (1977) and, after the removal of the mean sex difference, specify further components for the covariance of opposite-sexed individuals. For example, the additive component of genetical variation DR, which represents genes common to both sexes, can be replaced by D, in males, by DR[ in females and by DR,,f in expectations involving covariances between pairs of opposite-sexed individuals. This model can be extended to include further genetic components and different within and between family environmental components within and between sexes. The contribution of sex-limited autosomal additive and dominance variation to the basic statistics of the design is given in table 3. Separation of the data by sex, increases the number of statistics and, therefore, the large number of parameters required to specify sex-limited variation are no more confounded than are those in the basic model.
(viii) Sex-linked variation
The model for sex-linked variation of Mather and Jinks (1963) can be extended to include all statistics in the twin family design. The model uses three parameters to define the additive effects of sex-linked loci in males, in females and in covariances between males and females. These are DB.
Ds and D respectively. An additional parameter, H, specifies the dominance effects of sex-linked loci in females. These four parameters are as defined in Mather and Jinks (1963) and in Haley eta!. (1981) . However, note that DB = = D only in the absence of dominance and with no sex-limitation (i.e., complete dosage compensation) of the sex-linked loci. The contribution of these four parameters to the expectations of the basic statistics in the twin family design is shown in table 3. Note that in some circumstances sex-linked variation and sex-limited autosomal variation may be confused by a comparison of full-sib correlations, this occurs when DR, > DRmf <DRf. Comparisons of parent-offspring and half-sib correlations would be unlikely to lead to this confusion.
(ix) Maternal effects The models for genotypic maternal effects given in Haley et a!. (1981) can be expanded to encompass all of the basic statistics derived from the twin family design. These models are appropriate where the maternal effects have some genetic basis. Haley et a!. (1981) propose two models for genotypic maternal effects, the one character model, in which the same loci in mother and offspring influence the phenotype under study in the offspring, and the two character model, in which the maternal loci responsible for the maternal effect are not those which directly influence the development of the phenotype in the offspring. Four parameters are required to specify the genotypic maternal effects of the one character model. These are MDR and MHR for the additive and dominance maternal effects respectively of the maternal gene, DMDR for the covariance between the direct and maternal additive effects and HMHR for the covariance between direct and maternal dominance effects. Only MDR and MHR are required to specify the expectations of the two character model in the absence of gametic disequilibrium between the two sets of loci. The expectations are given in table 3 in terms of the four parameters required to specify the one character model. Omission of DMDR and HMHR gives the expectations derived from the two character model.
Asymmetry is introduced by maternal effects into the various statistics derived from the twin family design. However, this asymmetry is only between the covariance of maternal relatives and the covariance of paternal relatives. There is no asymmetry between male and female progeny variances. If statistics are not averaged over sexes, sex-linked variation, or sex-limited autosomal variation, or a combination of both will lead to sexual asymmetry and are thus unlikely to be mistaken for maternal effects. However, if doubt exists as to which model (sex-limited autosomal variation, sex-linked variation or maternal effects) or combination of models is appropriate, the progeny data alone are sufficient to enable the estimation of D5, D, DB, H, MDR, MHR and DMDR in addition to those parameters which can be estimated in the basic sex-limited autosomal model.
Discusso
The classical twin study has shown that for many traits, MZ twins are substantially more alike than DZ twins, suggesting that genetic factors may contribute to individual differences. However, unsupported twin studies are open to many criticisms. The singularity of the twin condition leads to doubts regarding the applicability of conclusions derived from twin Mother-son coy. studies to the general population and the environmental similarity and close relationship of MZ twins even undermines the conclusion that genetic variability exists in the twin population. Furthermore, the classical twin study yields only three independent statistics and thus many causes of variation are inextricably confounded.
The move towards the study of extended data sets involving many relationships has been gradually accelerating over recent years because of the drawbacks of the classical twin study. One possibility is the extension of the classical twin study to include the parents of twins. However, Young et a!. (1980) have demonstrated that studies involving several generations may well be faced with the problem of intergenerational instability.
The MZ half-sib design ) is a further step towards more general designs. However, for estimation purposes, data are required from MZ twin parents, their progeny and intergenerational relationships. Thus problems of intergenerational instability and the representativeness of twins are confounded and undermine the value of the estimates obtained. The twin family design represents a logical extension of previous twin designs as it involves relationships all of which could be available to any centre of twin research as they are based solely upon twin families. Not only does the twin family design involve readily available relationships, it includes all of the most powerful natural contemporary relationships in a single generation. Furthermore, it provides the opportunity to investigate intergenerational stability and the representativeness of twins and hence conclusions drawn from the design can be held with more confidence, than those based on unsupported twin studies.
The complete data set from the twin family design allows the independent estimation of many parameters hitherto confounded. Even in the presence of intergenerational instability the separate generations provide very useful sets of equations. The juvenile data are particularly useful for investigating sex-associated variation and the representativeness of twins.
The intergenerational relationships allow the estimation of common environmental effects with which cultural transmission may be confounded. Of especial interest in the parental data are the effects of assortative mating. We would be foolish to suggest that any set of data, which it is practical to collect, would provide enough information to allow the estimation of more than a limited number of parameters. It is theoretically possible to estimate simultaneously more than 20 parameters with the complete data set from the twin family design. Unfortunately, if the evaluation of this number of parameters were actually attempted it is possible that none would have estimates significantly greater than zero. This of course is a problem common to any design, for with model fitting procedures, as the number of parameters estimated increases so does the variance of those estimates. However, this does not undermine the usefulness of the twin family design, for in any set of data, only a few effects will contribute an appreciable proportion of the variance. One major strength of the design is that it enables the independent estimation of parameters of alternative hypotheses and thus the evaluation of those hypotheses. However, in some instances the use of individual scaling tests may be the more powerful method of detecting an effect. Model fitting then allows the estimation of parameters and the evaluation of rival hypotheses.
We do not wish to argue that the twin family design provides the best of all possible worlds, or that any extension of it would be worthless. Far from it, the design might be usefully extended to include adoptees and their adopting and natural families in the investigation of cultural transmission or phenotypic maternal effects, and other extensions are possible. However, the design does include all the most readily available and powerful natural relationships from the human population and has great potential for the elucidation of the causes of individual differences in both behavioural and physical traits. We believe that the twin family design is one of the most comprehensive and economical yet suggested for analysing individual differences in man.
